Cell lineage Longitudinal glia
Introduction
In the developing central nervous system (CNS) of the Drosophila embryo, glial cells derive from two different anlagen. The midline glia derive from mesectodermal progenitors and ensheath the commissural fiber tracts (e.g. Bossing and Technau 1994) . The vast majority of embryonic glial cells, the lateral glia, derive from the neurogenic region of the ectoderm. Stereotypical segmental populations of stem cells delaminating from this region give rise to neurons (neuroblasts), or glial cells (glioblasts), or both (neuroglioblasts), and are collectively called neuroblasts (NBs) . The individual NBs become uniquely specified by positional information in the neuroectoderm (reviewed in Bhat 1999; Skeath 1999) and each NB produces a characteristic cell lineage (Udolph et al., 1993; Bossing et al., 1996b; Schmidt et al., 1997; Schmid et al., 1999) .
The primary event in the determination of lateral glial cell fate is the expression of glial cells missing (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . Transcripitional regulation of gcm is achieved by multi-component upstream pathways (reviewed in Jones 2005) , as well as auto-and cross-regulation with its homologue gcm2 (Miller et al., 1998; Kammerer and Giangrande 2001; Jones et al., 2004) . gcm encodes a transcription factor that is transiently expressed in all lateral glial cells. Thus, it is likely that it only initiates 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod. 2007 .12.004 the glial determination pathway and activates downstream targets, which accomplish the differentiation and maintenance of the glial cell fate. Among the Gcm target genes identified to date, relatively few have been characterized with regard to their function in glial development, like reversed polarity (repo), pointed (pnt), tramtrack (ttk) and locomotion defects (Klä mbt 1993; Klaes et al., 1994; Xiong et al., 1994; Halter et al., 1995; Giesen et al., 1997; Granderath et al., 1999 Granderath et al., , 2000 . The homeodomain protein Repo is expressed in all lateral glial cells and is used as a general marker for these cells. Together with Pnt, Repo promotes glial fate, while Ttk suppresses the neuronal fate (Badenhorst 2001; Yuasa et al., 2003) . Since these factors are expressed in all lateral glial cells (with pnt and ttk being expressed in neurons and in other tissues as well), they do not allow to discriminate between different types of glial cells.
About 20 years ago, specific groups of Drosophila embryonic glial cells have been described for the first time using electron microscopic analysis and molecular markers like fushi tarazu or different enhancer trap-lines (Doe et al., 1988; . A comprehensive description of the distribution and morphologies of all glial cells in the late embryonic and early larval ventral nerve cord (VNC), led to a classification of glial cell types . For the lateral glial cells, six subgroups were defined which fall into three categories according to their association with the basic compartments of the CNS: the surface, the cortex, and the neuropile. The category of surface-associated glia includes two subgroups: the subperineurial glia (SPG) that lie underneath the outer surface of the CNS, and the channel glia (CG) which are positioned along the dorsoventral channels, demarcating the borders between segmental neuromeres of the VNC. In the category of cortexassociated glia, that intermingle between the neuronal cell bodies in the cortex, only one subtype is described in the embryonic VNC: the cell body glia (CBG). The third category, the neuropile-associated glia, includes the glial cells that are associated with axonal structures. Two subtypes were proposed in the embryonic VNC: the nerve root glia (NRG), which is further subdivided into intersegmental and segmental nerve root glia (ISNG and SNG, respectively) , and the interface glia (IG), which are associated with the longitudinal connectives and are also called longitudinal glia (LG).
The mechanisms controlling glial subtype specification and differentiation are largely unknown. Towards approaching these mechanisms, we performed a comprehensive analysis of gene expression in the individual lateral glial cells, and we reinvestigated their lineages. We analyzed the expression of a large number of molecular markers (enhancer trap-lines, antibodies and mRNA probes) in the abdominal CNS of late stage 16 embryos. 39 of these markers were expressed in lateral glial cells, including many transcription factors and yet uncharacterized factors arising from a collection of enhancer trap lines, and from a microarray screen for embryonic gcm target genes (Altenhein et al., 2006) . Most of the markers are expressed in distinct subsets of glial cells, which often correspond to the previously defined subtypes. Accordingly, it is now possible to address every single glial cell or group of cells in the late embryonic CNS by a specific combination of molecular markers. In addition, each of these markers represents a candidate factor involved in glial subtype specification or differentiation. We demonstrate this by phenotypic analysis of a castor loss of function mutation. Furthermore, we clarify the origin of each individual glial cell and provide new insights into the lineage of the longitudinal glioblast.
Results

2.1.
Number, position and nomenclature of lateral glial cells
Previous work described a total number of 25-30 lateral glia cells per truncal hemisegment (Halter et al., 1995; Ito et al., 1995; Schmidt et al., 1997) . As this implies a quite variable number, we reinvestigated the amount of lateral glia in abdominal neuromeres. Counting Repo-positive cells in combination with different molecular markers in stage 16 wild type embryos, we found 25 cells per abdominal hemisegment (n > 100) with low variability (±1 cell). The position of each glial cell was defined along the medial/lateral, dorsal/ventral, and anterior/posterior axis ( Fig. 1 ) using Engrailed (a-Invected) as segmental marker. We adopted the nomenclature introduced by Ito et al. (1995) , which is based on the position and morphology of the individual glial cells. However, our analysis required a few modifications in the affiliation of glial cells to their subgroups as detailed in the following and in Table 1 .
Eight surface-associated cells are defined as subperineurial glia (SPGs), two as channel glia (CGs). They are evenly distributed along the surface to form a continuous cell layer and ensheath the entire nerve cord. The neuropile-associated glia are located within the dorsal part of the VNC, covering the connectives and the outgoing peripheral nerves. This category includes three nerve root glia (NRGs; two intersegmental nerve root glia, ISNGs, and one segmental nerve root glia, SNG), and nine longitudinal glia (LGs), subdivided into an anterior LG cluster (A-LG cluster; four cells), a medial LG cluster (M-LG cluster; two cells), a posterior LG cluster (P-LG cluster; two cells), and the lateral posterior LG (LP-LG; see below for molecular characterization of LGs). The cortex-associated glia consist of three cell body glia (CBG), which lie in the ventral cortex of the VNC. Our analysis reveals that variability in the position of individual glial cells in the embryonic VNC is rather low, though there are differences between subgroups. For example, the positions of CBGs are more variable than the positions of LGs. A few cells addressed by Ito et al. (1995) using various enhancer trap lines in late embryos and 1st instar larvae, are not identifiable by Repo staining in stage 16 embryos.
2.2.
Origin of the individual lateral glial cells
As previously shown by DiI labelling and lineage analysis, lateral glial cells in the embryonic VNC are generated by two glioblasts, NB6-4A and LGB (longitudinal glioblast), and the neuroglioblasts NB1-1A, NB1-3, NB2-2T, NB5-6, NB6-4T, and NB7-4 (Bossing et al., 1996b; Schmidt et al., 1997) . In these studies the glial progeny cells were addressed according to their morphology and position, and were found to be variable in these lineages except for those derived from NB1-1A, NB2-2T, NB6-4A, and NB6-4T. Since double staining with glial markers has not been used as a reference, it remained unclear whether the observed variations concerned positions or identities of glial cells. To further clarify glial identities within these lineages, we performed DiI labellings in transgenic lines repo-Gal4 and Mz97-Gal4 combined with nuclear green fluorescent protein (UAS-nGFP). Using the pattern of all lateral glial cells (repo-Gal4) or a reproducible subset of glial cells (Mz97-Gal4) as a reference, we were able to specifically identify the glial progeny in the DiI labelled lineages. Our data support the previous reports for the lineages of NB1-1A, NB2-2T, NB6-4A, and NB6-4T (Udolph et al., 1993; Bossing et al., 1996b; Higashijima et al., 1996; Schmidt et al., 1997; see Table  1 ). For the other glial cells it is now evident that the previous ambiguities in their assignment to particular NBs did not reflect variabilities in their origin but rather problems with their identification. By using glial markers we can trace the origin of each individual glial cell to a specific stem cell (see Table  1 , Fig. 2 ). For example, DL-SPG, MV-SPG, and VL-SPG derive from NB5-6 ( Fig. 2A and B) . D-CG, V-CG, L-CBG, ML-SPG, and L-ISNG derive from NB7-4 ( Fig. 2C-E) . A cell at the position of ML-SPG was previously classified as VL-CBG . We re-classify this cell as SPG based on marker gene expression and the shape of its nucleus (Tables 1 and 3 ). NB1-3 gives rise to two central glial cells (Fig. 2F and G) : M-ISNG (see also below) and MD-SPG. It also generates a number of peripheral glia, which are not dealt with here (Schmidt et al., 1997; von Hilchen et al., 2008) . Furthermore, we had to revise the origin of the L-ISNG. This cell, which has previously been assumed to derive either from NB1-3 or from NB5-6A, we now assign to the NB7-4 lineage (Table 1, Fig. 2C -E). We were not able to clarify the origin of the lateral SNG (L-SNG). For characterization of the LGB lineage see below.
2.3.
Longitudinal glia: Lineage and marker gene expression
We analyzed the expression of a large collection of molecular markers in relation to the different glial classes as well as to each individual glial cell. The distribution of markers found to be expressed within the class of neuropile-associated glia is shown in Table 2 and Fig. 3 . Neuropile-associated glia ensheath axonal structures at the cortex/neuropile interface. It includes three nerve root glia (further subgrouped into SNG and ISNGs according to the nerves they are associated with), and the longitudinal glia (LGs), which align in two to three rows along the dorsal surface of the connectives (''interface glia'' in Ito et al., 1995) . In the embryonic VNC the LGs represent the only type of interface glia. From embryonic stage 15, ten Repo positive cells can be detected close to the connective in each hemisegment. Several of the markers we examined show expression in all of these cells (see Table 2 Table 2 ) and CG11910 ( Table   2 ). The tenth cell is located slightly more lateral than the other nine cells and it seems to be geared towards the intersegmental nerve. Other markers, as for example H15-lacZ, are expressed in this cell and only one neighbouring LG ( Fig. 3E -E 0 0 ). Thus, as judged from marker gene expression it is unclear whether all ten cells belong to the group of longitudinal glia as defined by their origin from the longitudinal glioblast (LGB). Indeed, in the existing literature there is confusion about the number of cells belonging to the LG subgroup. Up to eight cells per hemisegment were defined as LGs (or interface glia) by their spatial distribution and marker gene expression (Halter et al., 1995; Ito et al., 1995) . Clonal analysis suggested 7-9
LGs (Schmidt et al., 1997) . Due to the alignment of ten Repo-positive cells along the longitudinal connectives, all of these cells were recently defined as LGs (Griffiths and Hidalgo 2004) . Our molecular data now show that 1-2 of these cells are clearly distinct from the others. In order to solve this discrepancy, we traced the LGB lineage by DiI labelling of neuroectodermal progenitor cells in repoGal4/UAS-GFP expressing embryos (n = 3). All clones showed nine DiI-labelled progeny cells (small arrowheads in Fig. 2H -K). A tenth cell (yellow arrowhead) expressing GFP is laying dorsally very close to the clone. This cell is clearly DiI-negative and thus not generated by the LGB. Judging by its position, it corresponds to the cell expressing a unique combination of marker genes ( Table 2) . As we find a cell in this position (close to the nerve root of the ISN) in our NB1-3 clones (n = 16; Fig According to their position within the group of LGs, the two Pros-and Mz813-Gal4-positive cells were called the medial (M-) LG cluster, and the Pros-negative (Mz813-positive) cells the posterior (P-) LG cluster. The two P-LGs show expression of hkb-lacZ together with the remaining ninth LG in 33% of hemisegments (n = 42; Table 2 ). This ninth LG expresses several markers, which are not expressed in the other cells. We named it LP-LG as its position is slightly more lateral and posterior. Although the combination of marker genes expressed in LP-LG is similar to that of M-ISNG (Table 2) Taken together, the LGB-lineage consists of 9 cells, which acquire at least four different identities as reflected by marker gene expression. Even though some of the analysed markers and enhancer trap lines are expressed with lower penetrance, 
Clonal origin Nomenclature
This publication Bossing et al. (1996) ; Schmidt et al. (1997) This publication Ito et al. (1995) NB1
Numbers of cells within LG clusters are indicated in brackets.
they can be used to discriminate between the different clusters of cells.
Expression of markers in surface-associated glia
In contrast to the neuropile-and cortex-associated glia, the surface-associated glia move towards the surface of the CNS, where their flat cytoplasmic extensions form a contiguous sheath around the CNS. Two types of surface-associated glia can be distinguished: the subperineurial glia (SPGs), which wrap around the surface of the cortex, and the channel glia (CGs), which cover the dorsoventral channels (running along the borders of the neuromeres). Two of the analysed marker genes are expressed in all surface-associated glia: seven up and moody (Table 3) . svp-lacZ (Mlodzik et al., 1990 ) is a known marker for subsets of NBs and parts of their progeny Urbach and Technau 2003) . In late stage 16 we find svp-lacZ expression in all SPGs, in the D-CG, and in the V-CG in every hemisegment (n = 50; By in situ hybridisation against moody mRNA we confirm this and show that moody is expressed in all SPGs and in both CGs (Table 3) . The two subgroups of surface associated glia, SPG and CG, can also be discriminated by marker gene expression (Table  3) . Enhancer trap line P101-lacZ (Klä mbt and Goodman 1991) labels all SPGs in 100% of hemisegments (n = 60), but is not expressed in the CGs (Fig. 4B-B 0 0 0 ). In contrast, double staining for engrailed-lacZ and Repo expression ( embryos shows that, apart from a large set of neurons, only two glial cells per hemisegment express engrailed, the D-CG and V-CG (in 100% of the examined hemisegments; n = 50). The expression pattern of some markers corresponds to the clonal origin of surface-associated glial cells. For example, the three SPGs generated by NB1-1A can be specifically addressed by the expression of huckebein-lacZ (hkb-lacZ; Bossing et al., 1996a) and mirror-lacZ (mirr-lacZ; . The three NB5-6A-derived SPGs (MV-SPG, DL-SPG and VL-SPG) can be distinguished from the other SPGs by the expression of wg-lacZ (Table 3) .
Altogether, we found 26 molecular markers and enhancer trap lines being expressed in particular subsets of surfaceassociated glial cells (Table 3 ; Fig. 4) . As their expression patterns are partially overlapping, every single SPG and CG expresses a unique combination of markers. Thus, despite the morphological and molecular similarities among cells of one class (mentioned above), each cell exhibits an individual identity.
Expression of markers in cell body glia
The cortex-associated glia comprises three cell body glial cells (CBGs) in abdominal and four CBGs in thoracic hemisegments. Most of the markers and enhancer trap lines listed in Table 4 are expressed in all CBGs, but are not restricted to this subgroup (Fig. 5) . For example, the Mz813-Gal4 line (Fig. 5A -A 0 0 ) is expressed in all CBGs (in 90% of the examined hemisegments; n = 66), and also in LGs (in about 25% of the examined hemisegments). CG16876 and ftz-lacZ expression in cell body glia is restricted to the MM-CBG and M-CBG (Table 4 ).
Cluster analysis of glial cells and marker gene expression
We subjected all cells and markers that show expression in more than 50% of hemisegments to hierarchical clustering 
2.7.
Castor affects the number and migration of specific glial cells
The molecular markers and enhancer trap lines presented here not only provide useful tools for the identification of individual glial cells but also represent candidate factors involved in the control of glial development. To demonstrate this we studied the phenotypic consequences of a castor (cas) loss of function mutation on glial development.
In the stage 16 CNS, Cas is expressed in many neurons, but in only four glial cells per abdominal neuromere (Fig. 7A-D) : the NB7-4-derived V-and D-CG, and the NB1-1A-derived A-SPG and LV-SPG. Whereas the general neuro- Table 3 -Expression of molecular markers in surface-associated glia b pile structure appears normal in cas mutants, we observed some specific defects in the pattern of glial cells. To examine the CGs we performed antibody staining against Repo and Inv (for CG-specific engrailed expression in wildtype see Fig. 4D -D 0 0 0 ). In the mutant, both CGs are not located at their normal position close to the dorsoventral channels.
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Instead, a cluster of two to three double-labelled cells is positioned lateral within the Invected stripe (compare Fig. 7E , F, and J and K, L, and O). These cells have small and round nuclei, which is typical for CGs. This suggests that, in cas mutants, the CGs are born, but do not migrate medially to ensheath the dorsoventral channels. Addition- ally, 1-2 other glial cells are displaced medially towards the dorsoventral channels in each hemineuromere (probably compensating for the lack of CGs). An antibody staining against Msh, which at stage 16 is specifically expressed in
LGs and M-ISNG ( Table 2 ), suggests that these cells are
LGs (Fig. 7G-J and M-O) . The appearance and the position of the two NB1-1A-derived Cas-positive cells (A-SPG and LV-SPG) is wildtypic in the mutant (Fig. 7J and O, and data not shown). We also determined the total number of lateral glia by counting Repo-positive cells at stage 16. We found an excess of four glial cells per hemineuromere in the mutant CNS (29 ± 1.3 glial cells; n = 30 hemineuromeres). Since cas is also expressed in two peripheral glia cells derived from NB2-5, which do not migrate into the periphery in cas mutants and rather stay in the CNS (von Hilchen et al., 2008) , these most probably represent two of the four extra glia cells in the mutant CNS. So far we do not know the source of the other 1-2 additional cells. Taken together, loss of castor function affects the number and migration of specific CNS glial cells. It hinders the NB7-4-derived CGs in migrating towards the DV channel, and leads to modified positioning of some LGs and to about 4 additional glial cells per hemineuromere.
Discussion
Marker gene expression in relation to glial subtypes and lineage
In this report we provide a comprehensive description of marker gene and enhancer trap expression in CNS glial cells of late Drosophila embryos. The markers include many transcription factors known to be involved in cell fate specification, as well as a number of still unknown factors (Fig. 6 Further genes found to be expressed in glia at earlier stages (e.g. deadpan, gsb, hb, ldb, pdm, vnd) are not incorporated.
Supplementary figure). They were chosen for this analysis either because they were known to be expressed in subsets of glial cells or because they were known to be involved in cell fate determination in the nervous system. All together, more than 50 markers were tested, 39 of which showed expression in glial cells and hence were described in detail. Their specific expression patterns, though in many cases not restricted to glia, enable us to identify groups of cells, as well as individual cells.
The lateral CNS glial cells have been assigned to three categories, according to their spatial distribution and morphology: the surface-, the cortex-, and the neuropile-associated glial cells. Categories were further divided into subgroups, as for example the surface-associated glial cells into subperineural glial cells and channel glia . Several of the molecular markers we describe here exhibit expression patterns, which correspond to the spatial/ morphological definition of glial categories or subgroups. For example, moody or svp-lacZ are expressed in all surface-associated glial cells, whereas P101-lacZ is only expressed in the SPG-subgroup and engrailed only in the CGsubgroup. In addition, nearly each individual glial cell expresses a specific combination of markers indicating that they develop unique identities. Yet, nothing is known about how these identities are acquired. Comparing subtype affiliation or lineage ancestry of all glial cells with their respective marker gene expression patterns, it becomes obvious that glial cell specification is a process occurring on the level of individual cells. Cells might have a predisposition for a particular subtype laid down by lineage (e.g. NB5-6 derived cells to become subperineurial glia). On the other hand, a temporal cascade within a lineage could determine individ- DiI labelling of the lineages of various progenitor cells in combination with cell-specific enhancer trap lines revealed that the composition of glial progeny within the lineages is invariant. Clonally related glia cells often express similar combinations of marker genes (see Fig. 6 ). The LGs, a prominent subgroup of the neuropile-associated glia and the only interface glia in the embryonic VNC, have been previously defined as the progeny of the LGB, which become aligned along the longitudinal connectives. However, there has been confusion about the size and composition of the LGB-lineage (Halter et al., 1995; Ito et al., 1995; Schmidt et al., 1997; Griffiths and Hidalgo 2004) . By means of DiI labelling and marker gene expression we could now clarify the size of this lineage (9 cells). Although all cells of the LGB-lineage express a similar set of markers, a few markers are restricted to only parts of the lineage. Based on such markers, as well as positional criteria, we further subdivided the group of LGs. One of the cells, the LP-LG, is located slightly more lateral than the other LGs, and seems to be geared towards the ISN. As it lies close to, and expresses a similar combination of markers as the M-ISNG, it would be justified to assign this cell to the group of nerve root glia; however, we refrain from doing so in order to avoid conflicts with the established nomenclature. Despite of their similarities, these two cells are of different origin: the LP-LG derives from the LGB, and the M-ISNG is generated by NB1-3.
3.2.
Segmental differences in the origin of glial cells
Most of the NBs that arise at corresponding positions and times in thoracic and abdominal segments (called serially homologous NBs) acquire the same fate, i.e. they generate the same lineages expressing corresponding sets of markers. However, some of these serially homologous lineages develop characteristic, tagma-specific differences with regard to cell number and/or cell types (Udolph et al., 1993; Bossing et al., 1996a; Bossing et al., 1996b; Schmidt et al., 1997) . Tagma-specific characteristics of these lineages have been shown to be under the control of Hox genes (Prokop and Technau 1994; Berger et al., 2005) .
Although the total number of CNS glial cells is identical in thoracic and abdominal neuromeres, there are some differences in their origin and distribution of subtypes. This is due to tagma-specific differences among serially homologous lineages of NBs 1-1, 2-2, 5-6, and 6-4, which give rise to CBGs and SPGs (Bossing et al., 1996b; Schmidt et al., 1997) . NB6-4A (A, abdominal) generates only two CBGs: MM-CBG and M-CBG, whereas the NB6-4T (T, thoracic) lineage comprises an additional MM-CBG2 and a neuronal sublineage. NB1-1T generates only neurons, whereas NB1-1A produces three SPGs (A-SP-G, B-SPG, and LV-SPG) in addition to neurons. In the thorax, the LV-SPG is presumably generated by NB5-6T, a cell at the position of A-SPG is produced by NB2-2T, and a cell at the B-SPG position is missing (Udolph et al., 1993; Prokop and Technau 1994) . Despite their different origin, the NB1-1A-and NB2-2T-derived SPGs specifically express hkb-lacZ and mirr-lacZ. Furthermore, the NB1-1A-and the NB2-2T-derived A-SPG appear to assume the same identity, as they express the same set of markers (including castor, which is not found in the abdominal B-SPG; data not shown for the thorax). Taken together, the differences between thorax and abdomen are restricted to only few glial cells, most of which acquire similar cell fates in thorax and abdomen (as judged by marker gene expression) irrespective of their progenitor.
3.3.
Subtype-specific function of candidate genes
The collection of marker genes and enhancer trap lines presented here does not only provide powerful tools for the identification of specific glial cells in different genetic backgrounds. Each of them also represents a candidate factor involved in glial subtype specification and/or differentiation. Many of these genes encode transcription factors known to be involved in cell fate specification, like fushi tarazu, mirror, and muscle segment homeobox. Other genes encode factors involved in cell signalling, e.g moody and CG11910, or enzymes like CG7433 and CG6218.
moody is expressed in all cells belonging to the surfaceassociated glia. At the end of embryogenesis, surface-associated glial cells form a thin layer ensheathing the entire CNS, thereby establishing the blood-brain barrier. Moody is a Gprotein coupled receptor, which acts in a complex pathway to regulate the cortical actin, thereby stabilizing the extended morphology of the surface-glia. This is necessary for the formation of septate junctions to achieve proper sealing of the nerve cord Daneman and Barres 2005; Schwabe et al., 2005) . Moody therefore represents a protein, which is essential for establishing and maintaining a specific function of surface glia.
Two of the markers we analyzed represent metalloproteases: Neprilysin4 (Nep4) and Invadolysin. Invadolysin has been described to play a role in mitotic progression and in migration of germ cells (McHugh et al., 2004) , but as for Nep4 (Crosby et al., 2007) , its function in the nervous system is unknown. In vertebrates it has been shown that metalloproteases are involved in various processes in the CNS: they are associated with neurite outgrowth, migration of neurons and myelination of axons (reviewed in Pizzi and Crowe 2007) . For one matrix-metalloprotease, MMP-12, it has been shown that it is expressed in oligodendrocytes, where it functions in maturation and morphological differentiation of OL lineages (Larsen and Yong 2004; Larsen et al., 2006) . It has been recently postulated that LGs are analogous to vertebrate oligodendrocytes (Hidalgo and Booth 2000) , as both groups of cells enwrap axonal projections in the CNS, although to different degrees (no myelination in Drosophila). The two metalloproteases we analysed are exclusively expressed in neuropile-(LGs) and cortex-associated glial cells (CBGs). Thus, both Nep4 and Invadolysin may possibly be involved in the differentiation of LGs. In invadolysin loss of function mutants, the specification of lateral glial cells does not seem to be affected, but the LGs show a very subtle phenotype in their positioning (data not shown). An explanation for the subtle phenotype may be redundant function of both enzymes. Indeed, in vertebrates it has been shown that metalloproteases have many overlapping substrates in vitro, and redundancy and compensation has been shown for matrix-metalloproteases (MMPs) in double mutants (reviewed in Page-McCaw et al., 2003) . Fur-thermore, it has been shown for members of the neprilysin family of metalloendopeptidases in Caenorhabditis elegans and Drosophila melanogaster, that many of the enzymatic properties have been conserved during evolution (reviewed in Turner et al., 2001) .
Making use of the molecular markers, we characterized the phenotype of a cas loss of function mutation. Cas is a transcription factor, which acts in temporal cell fate specification. Together with Pdm, Cas is involved in the determination of late progeny cells in CNS lineages (Kambadur et al., 1998; Grosskortenhaus et al., 2006) . In late embryonic stages, cas is specifically expressed in four glial cells per hemisegment, the V-CG and D-CG, the A-SPG and the LV-SPG, as well as in many neurons. The A-and LV-SPG, which are late progeny of the NB1-1A (Udolph et al., 1993 (Udolph et al., , 2001 , are not affected in cas mutants, whereas the NB7-4-derived CGs seem mislocalized, with the medial migration of both CGs being impaired in cas mutants. This points to different functions of Cas in distinct NB lineages. As can be deduced from Repo stainings, general aspects of glial differentiation do not seem to be affected in cas mutants. Further analysis will have to clarify whether the role of Cas in NB7-4 derived glial cells is on the level of cell fate determination and/or whether it directly acts on specific aspects of differentiation (migration, motility). It also remains to be shown whether Cas acts cell-autonomously in this process.
4.
Materials and methods
Drosophila strains
The following fly strains were used: Oregon R wildtype; castor (cas j1c2 ; Mellerick et al., 1992) , and invadolysin loss of function mutants (lacZ strain 1275/Tm3, kindly provided by W. Chia); engrailed-lacZ (ryXho25; Hama et al., 1990) , fushi tarazu-lacZ, spalt major-lacZ, (both from Bloomington Stock Center), huckebein-lacZ (5953; Doe 1992); wingless-lacZ ; mirror-lacZ McNeill et al., 1997) ; seven up-lacZ (Mlodzik et al., 1990) ; enhancer trap lines: 3-101, rL50, H15, AO75, J29, Y15, M84, and P101 (kind gift from C. Klä mbt); Mz97, Mz813 ; repo-Gal4 (kind gift from C. Klä mbt; Edenfeld et al., 2007) ; dEAAT1-Gal4, nervana2-Gal4, castor-Gal4 (Hitier et al., 2001 ); UAS-CD8::GFP (all from Bloomington Stock Center), UASnGFP (Barolo et al., 2000) .
Immunohistochemistry
Embryos from overnight collections were dechorionated in 6% bleach, devitellinized and fixed in heptane with 4% formaldehyde in PEMS buffer for 22 min as described in Rogulja-Ortmann et al. (2007) . The fixed embryos were dehydrated for 5 min in methanol. Primary antibodies used were rabbit anti-Repo (1:500; Halter et al., 1995) , mouse anti-Repo (1:10, DSHB), rat anti-Gooseberry proximal and distal (1:2; Zhang et al., 1994) , rabbit anti-Muscle segment homeobox (1:500, kindly provided by M. P. Scott), mouse antiLadybird early (1:2; Jagla et al., 1997), rabbit anti-Castor (1:500; kindly provided by W. Odenwald), rabbit anti-Deadpan (1:250; Bier et al., 1992) , rabbit anti-POU-domain-1 (1:500; Yeo et al., 1995) , guineapig anti-Hunchback (1:1000; Mettler et al., 2006) , mouse anti-ßGal (1:700; Promega), rabbit anti-GFP (1:500, Torrey Pines Biolabs), mouse anti-Zinc-finger homeodomain protein 1 and 2 (1:200; Fortini et al., 1991; Lai et al., 1991) , and mouse anti-Prospero (1:5, DSHB). The secondary antibodies used were anti-rabbit-Cy5, anti-rabbit-Cy3, anti-mouse-Cy3, anti-chicken-FITC (1:500, from donkey, Jackson Immunoresearch Laboratories), anti-mouse-Cy5, anti-rabbit-FITC, anti-guineapig-Cy3 (1:500, from goat, Jackson Immunoresearch Laboratories), and antimouse-Alexa (Donkey, 1:500, Invitrogen). The Leica TCS SPII Confocal microscope was used for fluorescent imaging and the images were processed using Leica Confocal Software and Adobe Photoshop.
4.3.
In situ hybridization
In vitro transcription and labelling of RNA with Digoxygenin was performed using the Dig-RNA labelling mix according to manufactureŕs instructions (Roche Diagnostics). Embryos from overnight collections were dechorionated in 6% bleach, fixed in PBS/heptane/formaldehyde (35:50:15), and incubated for 1 h in hybridization buffer (50% formamide, 5· SSC, 100 lg/ml ssDNA, 0.1% Tween 20). For fluorescent in situ hybridization, embryos were treated with 0.1% sodium borohydrid solution in 0.1% PBT (PBS, 0.1% Tween 20) for 10 min to reduce the autofluorescent background. Hybridization was performed overnight at 55°C using 10 ll of the Dig-labelled RNA probe, and embryos were further treated as described (Tautz and Pfeifle 1989; Jiang et al., 1991; Kosman et al., 1991) . For fluorescence detection of Dig-labelled RNA probes, the TSA amplification Kit with either Cy3 or Cy5 (Perkin Elmer, Norwalk, CT) was used according to manufacturer's instructions.
DiI labelling and lineage analysis
DiI labelling of single neuroectodermal progenitor cells was performed as previously described (Bossing et al., 1996b) in embryos homozygous for Mz97-Gal4 and UAS-nGFP, or in embryos heterozygous for repo-Gal4 and UAS-nGFP. For documentation, late stage 16 embryos were subjected to flat preparation, fixed for 10 min in 3.7% formaldehyde in PBS and scanned with a Leica TCS SPII confocal microscope using 488 nm and 543 nm excitation wavelengths for GFP and DiI detection, respectively.
Cluster analysis
To sort cells and genes (see Fig. 6 ) we did a complete hierarchical clustering using Euclidean distance with the help of the free software Genesis 5.0, developed by Sturn et al. (2002) . We considered only cases of penetrance higher than 50%.
